Engineered biological systems hold promise in addressing pressing human needs in chemical processing, energy production, materials construction, and maintenance and enhancement of human health and the environment. However, significant advancements in our ability to engineer biological systems have been limited by the foundational tools available for reporting on, responding to, and controlling intracellular components in living systems. Portable and scalable platforms are needed for the reliable construction of such communication and control systems across diverse organisms. We report an extensible RNAbased framework for engineering ligand-controlled gene regulatory systems, called ribozyme switches, that exhibit tunable regulation, design modularity, and target specificity. These switch platforms contain a sensor domain, comprised of an aptamer sequence, and an actuator domain, comprised of a hammerhead ribozyme sequence. We examined two modes of standardized information transmission between these domains and demonstrate a mechanism that allows for the reliable and modular assembly of functioning synthetic RNA switches and regulation of ribozyme activity in response to various effectors. In addition to demonstrating the first examples of small molecule-responsive, in vivo functional allosteric hammerhead ribozymes, this work describes a general approach for the construction of portable and scalable gene-regulatory systems. We demonstrate the versatility of the platform in implementing application-specific control systems for small molecule-mediated regulation of cell growth and non-invasive in vivo sensing of metabolite production.
Introduction
Basic and applied biological research and biotechnology are limited by our ability to get information into and out from living systems, and to act on information inside living systems 1, 2 . For example, there are only a small number of inducible promoter systems available to provide control over gene expression in response to exogenous molecules 3, 4 .
Many of the molecular inputs to these systems are not ideal for broad implementation, as they can be expensive and introduce undesired pleiotropic effects. In addition, broadlyapplicable methods for getting information out of cells non-invasively has been limited to strategies that rely on protein and promoter fusions to fluorescent proteins, which enable researchers to monitor protein levels and localization and transcriptional outputs of networks, leaving a significant amount of the cellular information content currently inaccessible.
To address these challenges scalable platforms are needed for reporting on, responding to, and controlling any intracellular component in a living system. A striking example of a biological communication and control system is the class of RNA regulatory elements called riboswitches, comprised of distinct sensor and actuation (gene regulatory) functions, that control gene expression in response to specific ligand concentrations 5 .
Building on these natural examples, engineered riboswitch elements have been developed for use as synthetic ligand-controlled gene regulatory systems [6] [7] [8] [9] . However, these early examples of riboswitch engineering do not address the challenges posed above because they lack portability across organisms and systems, and their designs and construction do not support modularity and component reuse.
We set out to develop a universal and extensible RNA-based platform that will provide a framework for the reliable design and construction of gene regulatory systems that can control the expression of specific target genes in response to various effector molecules.
We implemented five engineering design principles (DPs) in addressing this challenge: scalability (DP1: a sensing platform enabling de novo generation of ligand-binding elements for implementation within the sensor domain); portability (DP2: a regulatory element that is independent of cell-specific machinery or regulatory mechanisms for implementation within the actuator domain); utility (DP3: a mechanism through which to modularly couple the control system to functional level components); composability (DP4: a mechanism by which to modularly couple the actuator and sensor domains without disrupting the activities of these individual elements); and reliability (DP5: a mechanism through which to standardize the transmission of information from the sensor domain to the actuator domain). A glossary of terms is available in Supplementary Text 3.1.
Results

Component specification for a scalable and portable gene-regulatory system
To satisfy the engineering design principle of scalability (DP1) we chose RNA aptamers 10 , nucleic acid ligand-binding molecules, as the sensing platform for the universal control system. Our choice of sensing platform was driven by the proven versatility of RNA aptamers. Standard in vitro selection strategies or SELEX 11, 12 have been used to generate RNA aptamers de novo to a wide variety of ligands, including small molecules, peptides, and proteins 13 . In addition, the specificity and affinity of an aptamer can be tuned through the selection process to meet the specific performance requirements of a given application. The continued selection of new aptamers to appropriate cellular molecules that function under in vivo conditions will enable these elements to be implemented as sensors in RNA-based control systems.
To satisfy the engineering design principle of portability (DP2) we chose the hammerhead ribozyme, a catalytic RNA, as the regulatory element in the universal control system. Our choice of regulatory element was driven by the ability of the hammerhead ribozyme to exhibit self-cleavage activity across various organisms and its demonstrated potential in biomedical and biotechnological applications owing to its small size, relative ease of design, and rapid kinetics 14 . The utility of hammerhead ribozymes as gene regulatory elements has been demonstrated in various systems [15] [16] [17] . In addition, several research groups have engineered a special class of synthetic hammerhead ribozymes referred to as allosteric hammerhead ribozymes that contain separate catalytic and ligand-binding domains, which interact in a ligand-dependent manner to control the activity of the ribozyme [18] [19] [20] [21] . While this class of ribozymes enables a better control system due to the presence of the integrated ligand-binding domain, there has been no success in translating them to in vivo environments.
Design strategies for engineering portability, utility, and composability into a biological control system
To support a framework for engineering ligand-controlled gene regulatory systems, we specified a design strategy that is in accordance with our engineering principles stated above ( Figure 3.1, A and B ). This strategy is comprised of three components that address mechanisms for the portability (DP2), utility (DP3), and composability (DP4) of the control system and are critical to the development of a general ribozyme switch platform. First, the cis-acting hammerhead ribozyme constructs are integrated into the flexible and portable regulatory space of the 3' UTR ( Figure 3 .1A). We chose to locate the synthetic ribozymes within the 3' UTR of their target gene as opposed to the 5' UTR in order to isolate their specific cleavage effects on transcript levels from their non-specific structural effects on translation initiation, as secondary structures have been demonstrated to repress efficient translation when placed in the 5' UTR 22 ; K. Hawkins and C.D.S., unpublished observations).
In addition, cleavage within the 3' UTR is a universal mechanism for transcript destabilization in eukaryotic and prokaryotic organisms. Second, each ribozyme construct is insulated from surrounding sequences, which may disrupt its structure and therefore its activity, by incorporating spacer sequences immediately 5' and 3' of stem III (Figure 3 .1A).
By implementing these two components, we ensure that these control systems will be portable across organisms and modular to coupling with different coding regions (Y. Chen and C.D.S., manuscript in preparation). The third component was necessitated by the fact that previous engineered in vitro allosteric ribozyme systems, which replace stem loops I or II with part of the aptamer domain ( Figure 3 .1B, lower right), do not function in vivo. From previous studies on the satellite RNA of tobacco ringspot virus (sTRSV) hammerhead ribozyme 16 , we suspect that this lack of in vivo functionality in earlier designs results from removal of stem loop sequences that may play a critical role in tertiary interactions that stabilize the catalytically active conformation under physiological Mg 2+ concentrations. To develop ribozyme switches that function in vivo, we chose to integrate the hammerhead ribozyme into the target transcript through stem III and couple the sensor domain directly to the ribozyme through stem loops I or II to maintain these potentially essential sequence elements (Figure 3 .1B, upper right). We constructed a series of ribozyme controls 
Engineering mechanisms for information transmission between the modular switch domains
The final design challenge in building a universal switch platform is to develop a standardized means of transmitting information (encoded within an information transmission domain) from the sensor (aptamer) domain to the regulatory (ribozyme) domain (DP5).
There are two different strategies for transmitting information between the aptamer and ribozyme domains: strand displacement and helix slipping. We constructed and characterized ribozyme switch platforms based on both mechanisms.
The first information transmission domain that we developed is based on a strand displacement mechanism, which involves the rational design of two sequences that compete for binding to a general transmission region (the base stem of the aptamer) ( Figure 3 .2, A and B). We employed this mechanism in engineering a ribozyme switch platform that enables both up-and down-regulation of gene expression in response to increasing effector concentrations ('ON' and 'OFF' switches, respectively). An initial ribozyme switch, L2bulge1, was constructed to up-regulate gene expression through the corresponding base platform (L2Theo, Supplementary Figure 3 .1C) by incorporating a competing strand following the 3' end of the theophylline aptamer 23 (Figure 3 .2A). This competing strand is perfectly complementary to the base stem of the aptamer at the 5' end. Using the same design principles, we engineered another ribozyme switch, L2bulgeOff1 (Figure 3 .2B), for downregulating gene expression. Our strand displacement strategy is based on the conformational dynamics characteristic of RNA molecules that enables them to distribute between at least two different conformations at equilibrium: one conformation in which the competing strand is not base-paired or base-paired such that the ligand-binding pocket is not formed, and the other conformation in which the competing strand is base-paired with the aptamer base stem, displacing the switching strand and thus allowing the formation of the ligand-binding pocket.
Strand displacement results in the disruption (L2bulge1) or restoration (L2bulgeOff1) of the ribozyme's catalytic core. Binding of theophylline to the latter conformation shifts the equilibrium distribution between these two conformations to favor the aptamer-bound form as a function of increasing theophylline concentration. Theophylline concentration (mM) N orm alized gene ex press ion in fold Theophylline concentration (mM) Normalized gene expression in fold AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA ribozyme active conformation ribozyme inactive conformation AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA ribozyme inactive conformation ribozyme active conformation
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Increased binding of theophylline to L2bulge1 resulted in an approximate 25 folds increase in target expression levels at 5 mM theophylline relative to those in the absence of effector ( Figure. 3.2C and Supplementary Figure 3 .2). In contrast, increased binding of theophylline to L2bulgeOff1 resulted in an approximate 18 folds reduction in expression levels at 5 mM theophylline relative to those in the absence of effector ( Figure. 3.2D and Supplementary Figure 3 .2). Through our strand displacement mechanism, we have engineered ribozyme switches de novo, L2bulge1 and L2bulgeOff1, that provide allosteric regulation of gene expression and function as 'ON' and 'OFF' switches, respectively.
We engineered a second class of ribozyme switch platforms to examine an alternative information transmission domain based on a helix slipping mechanism, which does not allow for rational design ( Figure. 3.3A). This mechanism involves the functional screening of 'communication modules' [19] [20] [21] within the base stem of the aptamer. Communication modules are dynamic elements capable of transmitting the binding state of an aptamer domain to an adjacent regulatory domain through a 'slip-structure' mechanism 19 , in which a nucleotide shift event within the element is translated to a small-scale change in the conformation of the regulatory domain in a ligand-dependent manner. These elements have been developed through in vitro screening processes, and their dynamic and communicative properties have been demonstrated in vitro in engineered allosteric ribozymes [18] [19] [20] [21] . We screened the in vivo functionality of previously in vitro selected communication modules [19] [20] [21] by assaying the activity of these sequences within L1Theo and L2Theo. A critical difference between the design of the previously developed in vitro allosteric ribozymes, from which these communication modules were generated, and that of our engineered ribozyme switches is the coupling strategies between the aptamer and ribozyme domains and their effects on the in vivo activity of the ribozyme domain as described previously (Figure 3 .1B). Theophylline concentration (mM) Normalized gene expression in fold The theophylline-dependent gene regulatory behavior of (D) L2cm4 and (F) L1cm10. Gene expression levels are reported as described in Figure 3 .2, except that in (F) L1Theo is used as a non-switch control.
Among the thirteen communication modules [19] [20] [21] screened for in vivo activity, five (cm1, cm4, cm5, cm9, and cmd) exhibit down-regulation of expression levels through loop II, whereas only two (cm10 and cmd) exhibit such regulation through loop I (Figure 3 .3B).
The regulatory activities of two helix slipping-based ribozyme switches, L2cm4 ( comprised of identical aptamer and catalytic core sequences, they exhibit different extents of regulation. This variability suggests that each construct contains a different equilibrium distribution between the adoptable conformations and that the energy required for structural switching between the conformations is also different.
We validated the regulatory mechanisms of representative strand displacement-and helix slipping-based switches. Relative steady-state transcript levels in the absence and presence of effector are consistent with corresponding fluorescent protein levels ( Supplementary Table 3 .1), indicating that cleavage in the 3' UTR results in rapid decay and inactivation of the target transcript. In addition, we demonstrated that changes in expression levels are induced shortly after effector addition ( Supplementary Figure 3 .4), indicating that the response of the regulatory elements to changes in effector levels is relatively rapid.
Rational tuning strategies enable programming of switch regulatory response
The ability to program the regulatory response of a universal switch platform is an important property in tuning the platform performance to comply with the design specifications for a particular application. We demonstrate that our strand displacementbased ribozyme switch platform incorporates an information transmission mechanism that is amenable to rational tuning strategies for programming regulatory response properties.
Programming of new regulatory information is achieved by sequence alteration resulting in a change in the molecule's structural stability, which may affect its conformational switching dynamics if the molecule can adopt multiple conformations. These rational sequence modification tuning strategies are not applicable to communication module-based switches due to an inability to predict their activities. 
active). Regulatory activities of tuned strand displacement-based (C) 'ON' and (D) 'OFF' ribozyme switches. Gene regulatory effects of these switches at 5 mM theophylline are reported in fold induction for 'ON' switches and fold repression for 'OFF' switches relative to the expression levels in the absence of theophylline as described in Figure 3 .2.
A more complete description of our tuning strategies is provided in Supplementary Text 3.3, Supplementary Figure 3 .5, and Supplementary Table 3 
The ribozyme switch platform exhibits component modularity and specificity
In implementing a standardized mechanism through which to transmit information between the domains of a switch platform (DP5), we needed to confirm that the modular coupling between the aptamer and ribozyme domains is maintained (DP4). We performed modularity studies on our strand displacement-based ribozyme switch platform, in which aptamers possessing sequence flexibility in their base stems can be swapped into the sensor domain. To begin to demonstrate that ribozyme switch activity may be controlled by different effector molecules we replaced the theophylline aptamer of L2bulge1 with a tetracycline mini-aptamer 24 to construct a tetracycline-repsonsive ON switch (L2bulge1tc) (Figure 3 .5A). Despite similar aptamer ligand affinities 23, 24 , the extent of up-regulation with L2bulge1tc was greater than that with L2bulge1 at the same extracellular concentration of their respective ligands (Figure 3 .5B). This is likely due to the high cell permeability of tetracycline 25 compared to theophylline 26 . These results demonstrate that our strand displacement-based ribozyme switch platform maintains modularity between the aptamer and ribozyme domains. We also performed similar modularity studies on the helix slipping-based switch platform by replacing the theophylline aptamer of L1cm10, L2cm4 and L2cm5 with the tetracycline mini-aptamer (L1cm10, L2cm4tc, and L2cm5tc, respectively). These constructs do not exhibit effector-mediated gene-regulatory effects (data not shown). We also demonstrated that the aptamer sequences (theophylline and tetracycline) incorporated into our ribozyme switch platforms maintain highly specific target recognition capabilities in vivo similar to their in vitro specificities generated during the selection process 
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L2bulge1tc, aptamer bound, ribozyme inactive conformation L2bulge1tc, aptamer unbound, ribozyme active conformation against corresponding molecular analogues (caffeine and doxycycline, respectively) 23, 24 ( Figure 3 .5B). This is an important property in implementing these platforms in cellular engineering applications that involve complex environments where molecular species similar to the target ligand may be present.
Component modularity enables implementation of ribozyme switches as regulatory systems in diverse applications
To demonstrate the scalability and utility of these switch platforms as applicationspecific control systems, we demonstrate the implementation of ribozyme switches in two distinct cellular engineering application areas. First, utility (DP3) and the ability to respond to and control cellular information is demonstrated by the application of ribozyme switches to small molecule-mediated regulation of cell growth. Second, scalability (DP1) and the ability to respond to and report on cellular information is demonstrated by the implementation of ribozyme switches as non-invasive in vivo sensors of metabolite production.
The first system explores the application of our ribozyme switches to the regulation of a survival gene, where modification of expression levels is expected to produce an observable and titratable phenotypic effect on cell growth. The reporter gene within the original constructs was replaced with a growth-associated gene (his5) responsible for the biosynthesis of histidine in yeast 27 (Figure 3 .6A). We performed growth regulation assays across various effector concentrations using representative switch constructs and demonstrated that these switches mediate cell growth in a highly effector-dependent manner (Figure 3 .6B). Plate-based assays confirm the theophylline-dependent ribozyme switch-based regulation of cell growth (Figure 3 .6C). This application demonstrates the utility (DP3) of our switch platform, in which the control system exhibits modularity to the functional level components in the regulatory system. Cells harboring ribozyme switches and control constructs were streaked on two plates containing the same medium except different effector concentrations (0 mM versus 5 mM theophylline). OFF switches (L1cm10, L2cm4, L2cm1, L2bulgeOff1) exhibit suppressed cell growth on the plate containing 5 mM theophylline while an ON switch (L2bulge8) exhibits a higher growth level on the plate containing 5 mM theophylline. The control constructs (L1Theo, L2Theo, sTRSV Contl, and sTRSV) exhibit similar growth levels on both plates. sTRSV exhibits no cell growth due to its efficient cleavage activity and sTRSV Contl exhibits the highest levels of growth due to its lack of cleavage activity. Metabolite sensing through L2bulge9 is reported in fold induction of GFP levels relative to the expression levels in the absence of xanthosine feeding as described in Figure 3 .2. Expression data for experiments performed with L2bulge1 exhibit similar induction profiles and levels (data not shown).
The second system explores the application of these ribozyme switches to the in vivo sensing of metabolite production to demonstrate that these switches provide a non-invasive mechanism through which to transmit molecular information from cells. Nucleoside phosphorylase activities resulting in N-riboside cleavage of purine nucleosides have been identified in various organisms 28 . We observe that feeding xanthosine to our yeast cultures results in the production of xanthine, a product synthesized through riboside cleavage of xanthosine. Relatively high xanthine accumulation was detected in cell extracts between 24-48 h after substrate feeding by HPLC analysis ( Supplementary Figure 3.7) . Xanthosine accumulation was detected in cell extracts at earlier times, indicating that specific levels of intracellular xanthosine accumulation may be required for efficient conversion to xanthine, possibly due to a high K m value for this enzyme. The theophylline aptamer employed in our switch platforms possesses a reduced binding affinity for xanthine (27- fold lower than theophylline) 23 . We employed two 'ON' switch constructs (L2bulge1 and L2bulge9) for the in vivo detection of xanthine production in cultures fed the precursor xanthosine ( Figure   3 .7A). GFP levels in cells fed xanthosine rose steadily between 24-40 h post-feeding in correlation with HPLC data (Figure 3 .7B), illustrating the non-invasive metabolite-sensing capabilities of these switches through transmitting changes in metabolite accumulation to changes in reporter expression levels. This application demonstrates the scalability (DP1) of our switch platform, in which the unique properties of the sensing platform employed in this control system enable broad implementation in diverse applications not generally accessible by other regulatory systems.
Discussion
A key component in the development of an RNA-based framework for engineering ligand-controlled gene regulatory systems is captured within DP5: a mechanism through which to reliably transmit information between distinct domains of the molecule. The stranddisplacement and helix-slipping mechanisms demonstrate different strengths and weaknesses as standardized means of transmitting information from the aptamer domain to the ribozyme domain. Only 7 out of the 26 tested communication modules exhibited regulatory activity in our system. In addition, all of the functional communication module sequences demonstrate 'OFF' activity in our in vivo system, whereas one of these sequences (cmd) exhibited 'ON' activity in an in vitro system 19 . These results indicate that in vitro functionality of these elements is selectively translated to in vivo activity due to their sensitivity to surrounding sequences. Furthermore, modularity studies performed on this platform indicate that the helix slipping mechanism is not amenable to modular domain swapping strategies. In contrast, we have demonstrated that strand displacement exhibits greater reliability as an information transmission mechanism in our platform and is characterized by engineering properties such as modular assembly, rational de novo design, flexible induction and repression profiles, and response programmability. Although not preferred for the rational design strategies presented here, our helix slipping platform can be employed for the effective generation of new ribozyme switches by in vivo screening for helix slipping elements that function with new aptamer sequences, different regulatory ranges, and flexible regulatory profiles. In addition, screening strategies may represent a powerful alternative when rational design strategies fail.
For example, we applied our rational design strategies to the construction of strand displacement-based ribozyme switches that modulate cleavage through stem I (L1bulge1-6 in Supplementary Table 3 .3). Although these design strategies were successfully applied to stem II, they did not result in functional switches when applied to stem I. These results indicate that screening strategies may be more effective in generating ribozyme switches that modulate activity through stem I.
We have developed and demonstrated universal RNA-based regulatory platforms called ribozyme switches using engineering design principles. This work describes a framework for the reliable de novo construction of modular, portable, and scalable control systems that can be used to achieve flexible regulatory properties, such as up-and downregulation of target expression levels and tuning of regulatory response to fit applicationspecific performance requirements, thereby expanding the utility of our platforms to a broader range of applications. For example, these switch platforms may be applied to the construction of transgenic regulatory control systems that are responsive to cell-permeable, exogenous molecules of interest for a given cellular network. In regulating sets of functional proteins, these switches can act to rewire information flow through cellular networks and reprogram cellular behavior in response to changes in the cellular environment. In regulating reporter proteins, ribozyme switches can serve as synthetic cellular sensors for diverse input molecules to monitor temporal and spatial fluctuations in the levels of their target molecules.
The switch platforms described here represent powerful tools for constructing ligandcontrolled gene regulatory systems tailored to respond to specific effector molecules and enable regulation of target genes in various living systems, and due to their general applicability our platforms offer broad utility for applications in synthetic biology, biotechnology, and health and medicine.
Materials and Methods
Plasmid, switch construction, and cell strains
Using standard molecular biology techniques 29 , a modular characterization plasmid, pRzS, harboring the yeast-enhanced green fluorescence protein (yEGFP) 30 under control of a GAL1-10 promoter, was constructed and employed as a universal vector for the characterization of all ribozyme switches. For the ribozyme switch-mediated growth studies, the yegfp gene was replaced with the his5 gene 27 . The engineered ribozyme constructs were generated by PCR amplification using the appropriate oligonucleotide templates and primers.
All oligonucleotides were synthesized by Integrated DNA Technologies. All engineered ribozyme constructs were cloned into two unique restriction sites, AvrII and XhoI, 3 nucleotides downstream of the yEGFP stop codon and upstream of an ADH1 terminator.
Cloned plasmids were transformed into an electrocompetent Escherichia coli strain, DH10B (Invitrogen) and all ribozyme constructs were confirmed by subsequent sequencing (Laragen, Inc). Confirmed plasmid constructs were transformed into a Saccharomyces cerevisiae strain (W303 MATα his3-11,15 trp1-1 leu2-3 ura3-1 ade2-1) using standard lithium acetate procedures 31 . RNA sequences that are predicted to adopt at least two stable equilibrium conformations (ribozyme inactive and active) were constructed and examined for functional activity.
RNA secondary structure prediction and free energy calculation
Ribozyme characterization assays
S. cerevisiae cells harboring the appropriate plasmids were grown in synthetic complete medium supplemented with an appropriate dropout solution and sugar (2% Cells were grown to an OD 600 of 0.8-1.0 or for a period of approximately 6 h before measuring GFP levels on a Safire fluorescent plate reader (Tecan) and/or on a Cell Lab Quanta SC flow cytometer (Beckman Coulter). For temporal response assays, cultures were grown as described above in the absence of the appropriate effector and fluorescence data were taken every 30 min. After 4 h growth, appropriate volumes of the concentrated effector stock or plain medium were added to the cultures and fluorescence was monitored for several hours thereafter.
Cell growth regulation assays
For liquid culture assays, S. cerevisiae cells carrying appropriate plasmids were back diluted and grown according to procedures described above with minor modifications. A competitive inhibitor of the his5 gene product, 3-amino-triazole (3AT), was added to a final concentration of 5 mM to increase the threshold level of histidine required for cell growth.
Cultures were grown in various theophylline concentrations and the growth of each sample was monitored over a 24 h period. The theophylline-regulated growth at 24 h is reported in terms of OD 600 readings measured on the Tecan. For plate-based assays, 10 μL of the back diluted culture samples was streaked on plates containing 0 and 5 mM theophylline. A higher concentration of 3AT (25 mM) was used in the plate-based assays to optimize visual assessment of theophylline-regulated cell growth.
Metabolite sensing assays
S. cerevisiae cells carrying appropriate plasmids were back diluted and grown according to procedures described above with minor modifications. Cultures were grown in the absence and presence of xanthosine (250 μM final concentration). To account for inducer depletion, galactose was added to the cultures at 8 h time intervals to a 2% final concentration. Fluorescence levels of the samples were monitored over a 48 h period according to procedures described above. For HPLC analysis, cell extracts were prepared after appropriate growth periods following xanthosine feeding by rapid freezing of cell cultures in liquid nitrogen in the form of beads. Frozen cell beads were subsequently lysated by grinding using a mortar and pestle followed by extraction with methanol. Intracellular metabolite levels were analyzed using an HPLC system integrated with a mass spectrometer (HPLC-MS) (Agilent Technologies), which enables confirmation of metabolite peaks based on their corresponding molecular weights. 
Fluorescence quantification
Quantification of cellular transcript levels
Briefly, total RNA was extracted employing standard acid phenol extraction methods 33 followed by cDNA synthesis and PCR amplification. cDNA was synthesized using gene-specific primers ( Supplementary Table 3 .3) and Superscript III Reverse Transcriptase (Invitrogen) following manufacturer's instructions. Relative transcript levels were quantified from the cDNA samples by employing an appropriate primer set and the iQ SYBR Green Supermix (BioRAD) according to manufacturer's instructions on an iCycler iQ qRT-PCR machine (BioRAD). The resulting data were analyzed with the iCycler iQ software according to manufacturer's instructions. Transcript levels of switch constructs were normalized to that of the endogenous actI gene 34 using actI-specific primers.
Supplementary Information
Supplementary Text 3.1: Glossary of terms actuator domain
A switch domain that encodes the system control function.
As used here, the actuator domain encodes the gene regulatory function and is comprised of a hammerhead ribozyme sequence. composability A property of a system that indicates its ability to be comprised of components that can be selected and assembled in a modular fashion to achieve a desired system performance. As used here, composability refers to the ability of the individual domains of the control system to be modularly linked without disrupting their activities.
engineering design principle A required property of a constructed system that enables use by others.
framework A basic conceptual structure that is used to solve a complex product design issue. As used here, the framework is used to reliably design and construct specific instances of RNA switches. The conceptual structure of our framework is comprised of specified engineering design principles and design strategies that enable extensible and reusable system design.
helix slipping domain A subset of information transmission domains that act through a helix slipping mechanism. The helix slipping domain is also referred to as the communication module.
helix slipping mechanism An information transmission mechanism that is based on an information transmission domain that functions portability A property of a system that indicates its ability to be implemented in environments different from that which it was originally designed. As used here, portability refers to the ability of the control system to be implemented in different organisms.
reliability A property of a system that indicates its ability to perform and maintain its functions under a set of specified conditions. As used here, reliability refers to the ability of the information transmission domain to standardize the transmission of information between the sensor and actuator domains. scalability A property of a system that indicates its ability to handle increasing work. As used here, scalability refers to the ability of the control system to be implemented across broad application space by being able to forward design its response to different molecular information. sensor domain A switch domain that encodes a ligand-binding function.
As used here, the sensor domain is comprised of an RNA aptamer sequence.
strand displacement domain A subset of information transmission domains that act through a strand displacement mechanism.
strand displacement mechanism An information transmission mechanism that is based on the rational design of an information transmission domain that functions through a strand displacement event. Such a strand displacement event utilizes competitive binding of utility A property of a system that indicates its ability to be of practical use. As used here, utility refers to the ability of the control system to interface with different functional level components to enable forward design of the function that is being controlled by the system.
Supplementary Text 3.2: Ribozyme control constructs for loop sequence coupling and stem integration controls
To establish and make useful our design strategy we constructed and characterized a series of ribozyme controls. We characterized the regulatory activity of our ribozyme constructs within a modular ribozyme characterization system in the eukaryotic model organism Saccharomyces cerevisiae (Figure 3.1A) . First, an inactive ribozyme control (sTRSV Contl, Supplementary Figure 3 .1A) was constructed to adopt the same structural motif as sTRSV (Figure 3 .1A), while carrying a scrambled catalytic core sequence. Second, a synthetic sTRSV ribozyme (hhRz I) that contains closed loops in stems II and III and is embedded through stem I was constructed as a stem integration control (Supplementary find that our design strategy enables the construction of a universal ribozyme switch platform that satisfies the design principles of portability, utility, and composability.
Supplementary Text 3.3: Rational tuning strategies for strand displacement-based switches
A series of nine tuned 'ON' switches were constructed from L2bulge1 as a base structure by employing rational energetic tuning strategies developed in this work. This strategy is based on the effects of altering the predicted free energies of a particular conformation (-ΔG) and the predicted difference between the free energies of two conformations (ΔΔG) on RNA conformational dynamics, or the ability of the RNA molecule to distribute between these two conformational states. Supplementary Table 3 .2 lists free energies (-ΔG) of ribozyme active and inactive conformations and the energy difference (ΔΔG) between the free energies of these two conformations. Specifically, lowering values for either of these energetic measurements (-ΔG or ΔΔG) is expected to make it easier for a particular RNA molecule to switch between the conformational states in question. Therefore, there is an anticipated optimum conformational energy and energetic difference between conformations to achieve the desired range of switching in response to effector concentration (i.e., energy measurements too high will result in stable non-switch designs, and energy measurements or energy difference measurements too low will result in fairly equal distributions between the two conformational states and lower switching capabilities). It is also expected, then, that one can "push" switches into a non-switch state by moving away from this energetic optimum. This strategy was examined in a series of tuning experiments described below. In addition, a series of three tuned 'OFF' switches were constructed by using rational energetic tuning strategies from L2bulgeOff1 as a base structure. L2bulgeOff2 and
L2bulgeOff3 were constructed to demonstrate tunability of the 'OFF' switch platform using similar energetic design strategies ( Supplementary Figure 3 L2bulge9 and L2bulgeOff3. L2bulge9 exhibits a larger dynamic regulatory effect despite its higher ΔΔG than L2bulge8. L2bulgeOff3 exhibits a smaller dynamic regulatory effect despite its smaller ΔΔG than L2bulgeOff2. However, it is more difficult to make a direct comparison between L2bulgeOff2 and L2bulgeOff3, as both conformations of L2bulgeOff3 are significantly more stable than those of L2bulgeOff2, likely resulting in L2BulgeOff3 less frequently switching between its two conformations and thus enabling this molecule to get 'trapped' in its lower free energy states. In addition, outliers may also arise because the RNAstructure program predicts these energy values based on the secondary structure of a particular conformation and does not take into consideration energy contributions from tertiary interactions (that have been observed in prior work 16 ) in estimating these energies.
Nevertheless, we demonstrate that energetic predictions based solely on secondary structure are useful for our rational tuning design strategies. The different dynamic regulatory ranges exhibited by our tuned switches in response to their specific effector (Supplementary Figure   3 .8) validate that such response programming can be achieved by altering the nucleotide composition of the information transmission region within a switch, thereby demonstrating the interdependence between RNA sequence, structure, and function. L2bulge1   1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000   1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1 1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000   1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1 Supplementary Figure 3 .5. Sequences and structures of tuned ribozyme switches in the L2bulge series. The nucleotides altered from the parent construct, L2bulge1, are highlighted. The two stable equilibrium conformations, ribozyme active and inactive conformations, are indicated for the parent ribozyme switch. The ribozyme active conformations of L2bulge2-5 are not shown as they are similar to L2bulge1. L2bulge6 and L2bulge7 assume a single predominant conformation, ribozyme inactive and ribozyme active, respectively, and do not undergo theophylline-induced conformational switching. L2bulge8 and L2bulge9, modified from L2bulge7 by reducing the stability of the ribozyme active conformation and the energy difference between the two conformations of L2bulge7, now become capable of switching. For these two modified switch constructs, only the ribozyme active conformations are shown, as their ribozyme inactive conformations are similar to those of the other switches illustrated. 1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000   1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1  10  100  1000  1 Gene expression fold is defined as previously where 1 fold is equivalent to the reporter gene expression level of sTRSV relative to the background fluorescence level. sTRSV is the most active ribozyme construct exhibiting the lowest gene expression level and sTRSV Contl is the most inactive ribozyme construct exhibiting the highest gene expression level, providing a 50-fold range as the full spectrum equivalent to a total of 50 folds. Arrows indicate the direction of regulation as an increasing concentration of theophylline. These switches offer diverse dynamic ranges of regulation and thus provide a broader utility to fit specific applications of interest. Data are reported from three independent experiments and the ± s.d. is the same as that reported in the manuscript figures. Quantitative RT-PCR (qRT-PCR) analysis was performed on L2bulge1, L1cm10, L2cm4, satellite RNA of tobacco ringspot virus (sTRSV), and sTRSV control (sTRSV Contl). Transcript levels in the presence or absence of theophylline are reported as fractions relative to those of sTRSV Contl. L2bulge1 exhibits a higher steady-state level of target transcript, while L1cm10 and L2cm4 exhibited lower steady-state target transcript levels in the presence of 5 mM theophylline than in the absence of theophylline. The ribozyme controls, sTRSV and sTRSV Contl, exhibited little effect on steady-state transcript levels due to the presence of theophylline. In addition, relative steady-state levels of these switches corresponded to the relative GFP expression levels as determined through the functional ribozyme switch assays. All data are reported from three independent experiments. 
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